The interaction between α-synuclein (αS) protein and lipid membranes is key to its role in synaptic vesicle homeostasis and plays a role in initiating fibril formation, which is implicated in Parkinson's disease. The natural state of αS inside the cell is generally believed to be intrinsically disordered, but chemical cross-linking experiments provided evidence of a tetrameric arrangement, which was reported to be rich in α-helical secondary structure based on circular dichroism (CD). Cross-linking relies on chemical modification of the protein's Lys C ε amino groups, commonly by glutaraldehyde, or by disuccinimidyl glutarate (DSG), with the latter agent preferred for cellular assays. We used ultra-highresolution homonuclear decoupled nuclear magnetic resonance experiments to probe the reactivity of the 15 αS Lys residues toward N-succinimidyl acetate, effectively half the DSG cross-linker, which results in acetylation of Lys. The intensities of both side chain and backbone amide signals of acetylated Lys residues provide direct information about the reactivity, showing a difference of a factor of 2.5 between the most reactive (K6) and the least reactive (K102) residue. The presence of phospholipid vesicles decreases reactivity of most Lys residues by up to an order of magnitude at high lipid:protein stoichiometries (500:1), but only weakly at low ratios. The decrease in Lys reactivity is found to be impacted by lipid composition, even for vesicles that yield similar αS CD signatures. Our data provide new insight into the αS−bilayer interaction, including the pivotal state in which the available lipid surface is limited. Protection of Lys C ε amino groups by αS−bilayer interaction will strongly impact quantitative interpretation of DSG cross-linking experiments. U se of cross-linking agents of variable length, in combination with mass spectrometry, can provide valuable structural information about the spatial separation between cross-linked residues, either in protein−protein complexes or for individual proteins. 1 At a more qualitative level, cross-linking is one of the most widely used technologies for probing protein−protein interactions. Many of the most common bifunctional cross-linking reagents, including the widely used glutaraldehyde cross-linker, target the side chain C ε amino groups of Lys residues. 2 For improved cellular uptake, DSG was previously chosen to cross-link cytosolic α-synuclein (αS, 14.5 kDa monomer) in a range of different cell types, including primary neurons, human erythroleukemia cells, and neuroblastoma cells overexpressing αS.
U
se of cross-linking agents of variable length, in combination with mass spectrometry, can provide valuable structural information about the spatial separation between cross-linked residues, either in protein−protein complexes or for individual proteins. 1 At a more qualitative level, cross-linking is one of the most widely used technologies for probing protein−protein interactions. Many of the most common bifunctional cross-linking reagents, including the widely used glutaraldehyde cross-linker, target the side chain C ε amino groups of Lys residues. 2 For improved cellular uptake, DSG was previously chosen to cross-link cytosolic α-synuclein (αS, 14.5 kDa monomer) in a range of different cell types, including primary neurons, human erythroleukemia cells, and neuroblastoma cells overexpressing αS. 3 The observation of a major band at ∼60 kDa and weaker bands at ∼80 and ∼100 kDa provided support for earlier conclusions by the same group that the protein natively exists mostly as a folded tetramer inside the cytosol, and that the unfolded, intrinsic disordered protein (IDP) state seen in all prior work 4 results from the harsh purification protocols. 5, 6 Remarkably, however, even cell lysis was found to destabilize the tetrameric state in the crosslinking studies, with partial recovery of the tetramer if the αS concentration was kept high. 3 The presence of a cofactor, putatively a small lipid, is now proposed to be responsible for the tetrameric state. 7 On the other hand, an NMR and pulsed EPR study of αS, introduced into a set of five different types of mammalian cells by electroporation, showed that the protein remained highly disordered inside these cells, 8 which remained healthy as judged by their intact enzymatic machinery, including N-terminal acetylation of αS and enzymatic reduction of both the R and S isomers of oxidized Met residues in αS. 9 Importantly, the NMR results could quantitatively account for nearly all of the αS loaded into these cells, thereby excluding the possibility that the majority was converted into a folded tetrameric species.
Distinct, mostly even-numbered oligomeric assemblies of αS were also identified in vitro by glutaraldehyde cross-linking in the presence of negatively charged liposomes, 10 and a recent study details the observation of nanodisc-like particles, containing 8−10 synuclein molecules surrounding a lipid disc, qualitatively similar to observations made by EPR spectrosco-py, 11 with some evidence that such discs may exist in vivo, too. 12 Interestingly, in vitro, the NMR signals of the ∼100 Nterminal residues of αS are rendered invisible in the presence of even very small amounts of lipid vesicles, 13, 14 and at higher lipid:protein stoichiometries, a strong α-helical CD signal indicates that the protein adopts an α-helical state when it is bound to membranes, 13 ,15−18 a conclusion also supported by NMR and pulsed EPR experiments. 11, 18, 19 When Burre et al. performed cross-linking experiments on a brain homogenate, formation of higher-order covalently linked oligomers, containing eight or more αS subunits, was observed, but no oligomerization was seen for the cytosolic fraction, lacking membranes. 10 Similarly, covalently linked oligomers were obtained when cross-linking experiments were performed with a fresh murine brain homogenate, containing membranes. 10 It is well recognized that chemical cross-linking experiments need to be carefully tuned with respect to the amount of crosslinker used. An overly high concentration can result in large networks of covalently linked proteins, effectively forming a gel, which is used for tissue fixation. Insufficient amounts of crosslinker will result in the natural decay of the cross-linking agent prior to the formation of covalent linkages. Moreover, for intrinsically disordered proteins, such as αS, the pairwise distance between the reactive C ε amino groups of Lys residues is highly time-dependent and generally will sample many distances shorter than the length of the cross-linker, meaning that formation of intramolecular cross-links in the disordered state is highly favored over intermolecular linkages. In fact, with the radius of hydration of αS being ∼27 Å, 14, 20 the effective local concentration of the 14 remaining Lys C ε amino groups after a single Lys has reacted with the cross-linker, seen by the second reactive site of the cross-linking agent, is ∼150 mM, i.e., greatly favoring intramolecular over intermolecular linkages. In the presence of membranes, cross-linking can occur between protein Lys C ε amino groups and phospholipids, in particular those containing amino groups (e.g., lipids with phosphoethanolamine or phosphatidylserine headgroups) that can interfere with the intended measurement.
The study presented here aimed to evaluate the reactivity of the αS Lys residues with N-succinimidyl acetate, a molecule that comprises effectively half the widely used DSG cross-linker ( Figure 1 ). By using half the cross-linker, reaction of Nsuccinimidyl acetate with a given Lys amino group results in a unique product, acetylation of the side chain, rather than a distribution of 14 different intraprotein cross-links plus possible interprotein linkages, thereby simplifying the analysis. Acetylation of Lys residues is a modification that, at least in principle, can easily be followed by monitoring the perturbation of the backbone chemical shift of the modified Lys residue. 21, 22 Quantitative measurement of small degrees of acetylation can be challenging, however, as the weak resonances of modified Lys residues resonate typically in the immediate vicinity of the far more intense unmodified amide groups. Alternatively, acetylation can be monitored by observation of the newly generated side chain amide groups, which resonate in a distinct spectral region somewhat outside of the crowded backbone amide region. 21, 22 However, in practice, the 15 Lys side chains of disordered αS resonate in a very narrow spectral window, and recently introduced technical innovations combined with high magnetic fields were needed to individually resolve and assign the side chain amides of the acetylated Lys residues.
Modulation of the αS Lys side chain reactivity associated with binding of the protein to lipid vesicles offers a novel avenue for probing protein membrane interaction. Although the protein itself is NMR-invisible when bound to lipid vesicles, the chemical reaction can be quenched, followed by removal of lipids and measurement of the high-resolution solution NMR spectrum of the partially modified αS. This mode of analysis can be applied to the entire range of protein−lipid stoichiometries without significant restrictions on the types of lipids that can be used. Because membrane binding by αS is considerably stronger for the N-terminally acetylated form of the protein, 23 ,24 a post-translational modification present in all mammalian systems, 5, 25, 26 all of our measurements were taken on this form of the protein. 
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Article ■ EXPERIMENTAL PROCEDURES Protein Preparation. N-Terminally acetylated αS was obtained by co-expression of a plasmid containing the wild-type αS gene as well as a plasmid carrying the components of the NatB complex, using the expression protocol of Johnson et al. 27 As noted previously, 23 Nonisotopically labeled N-terminally acetylated αS was prepared by using LB instead of M9 medium, using otherwise the same purification method. The unlabeled protein was used for CD and DSG cross-linking experiments.
Preparation of SUVs. The 5:3:2 DOPE/DOPS/DOPC lipid mixture (ESC, product no. 790304), porcine brain L-α-phosphatidylserine (PS, product no. 840032), porcine brain L-α-phosphatidylcholine (PC, product no. 840053), and 1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-L-serine (POPS, product no. 840034) were all purchased from Avanti Polar Lipids (Alabaster, AL). ESC, a 7:3 (w:w) porcine brain PC/PS mixture, and synthetic POPS lipid molecules were dissolved in chloroform by vortexing and dried under a N 2 stream, followed by exposure to vacuum for 1 h. Lipid films were resuspended in PBS buffer by vortexing to a final lipid concentration of 30 mM. Small unilamellar vesicles (SUVs) were then generated by sonicating the resuspended lipids in a bath sonicator (P30H, Elma, Singen, Germany) at 37 kHz and 50% power for ∼2 h at room temperature to reach optical transparency.
Reaction of αS Lys Side Chains and Removal of Lipids. All Lys modification experiments were performed by diluting a 1 M stock solution of N-succinimidyl acetate (product no. S0878 from TCI America, Portland, OR), dissolved in DMSO, to a final concentration of 250 μM in PBS buffer in the presence of 50 μM αS and different concentrations of SUVs, all at room temperature. The reaction was terminated after 5 min by adding an equal volume of a 50 mM lysine (product no. 62930 from Sigma) stock solution in PBS. For cross-linking experiments followed by NMR detection, a 200 mM disuccinimidyl glutarate (DSG, product no. 20593, Thermo Fisher Scientific, Rockford, IL) stock solution in DMSO was diluted to a final concentration of 125 μM in PBS buffer, using otherwise the same reaction conditions described above. To remove SUVs, unreacted lysine, lysine-reacted N-succinimidyl acetate, and salt from the reaction mixture, a 10-fold volume excess of methanol was added to the mixture in which the reaction had been terminated, vortexed, and kept at −30°C for 30 min. After centrifugation to pellet the methanol-precipitated αS, the supernatant was discarded and the pellet was washed again with 50 mL of methanol and recentrifuged. The washed pellet was dried under vacuum for ≥1 h and kept at −30°C prior to being dissolved in NMR buffer.
Monitoring the Reactivity of N-Succinimidyl Acetate. The decay of N-succinimidyl acetate was monitored in the presence of PBS, two types of SUVs, and αS protein, as a function of the time following mixing of the reactants. Mixing was accomplished by rapid two-step dilution of a concentrated (1 M) stock solution of N-succinimidyl acetate in DMSO. The first step is 10-fold dilution of N-succinimidyl acetate in PBS buffer to a final concentration of 100 mM, and the second step is additional 400-fold dilution in PBS buffer or a protein/SUVcontaining solution in an Eppendorf tube to reach a final Nsuccinimidyl acetate concentration of 250 μM. Each step was immediately followed by repetitive pipetting to obtain complete mixing, followed by transfer to the NMR tube. The reaction was assumed to start at the beginning of the second dilution step. The acetyl methyl peak intensity of the N-succinimidyl acetate and the methylene peak intensity of its reaction product were convenient and sensitive markers for observing the reaction process, using a time series of one-dimensional NMR spectra that included a short transverse relaxation Hahn-echo filter (total duration of 60 ms) to suppress background NMR signals from the protein and SUVs. Measurements were taken in PBS buffer and 5% D 2 O at 20°C, and no addition of lysine was used to quench the reaction.
Ultra-High-Resolution Two-Dimensional (2D) 30 was integrated in the 2 s relaxation delay to account for the increased 15 N WALTZ decoupling durations at longer t 1 evolution periods. For (t 1 , 15 N) and (t 2 , 1 H) dimensions, 1700* and 2703* complex data points were sampled, corresponding to acquisition times of 830 and 300 ms, respectively.
NMR Assignment of Acetylated Lys Side Chains. Assignment of the side chain amide signals of the acetylated Lys residues was conducted in two stages. First, the backbone assignments of acetylated Lys residues and their neighbors were established using three-dimensional (3D) triple-resonance experiments. In the second step, the backbone amide signal of each acetylated Lys residue was connected to its side chain amide signal by using high-resolution 1 H− 1 H TOCSY mixing, as described below.
For assigning the backbone resonances of acetylated Lys residues and their neighbors, a 1.0 mM 13 C-and 15 N-enriched methanol-precipitated αS sample was used [prepared by reaction of 50 μM αS with 0.5 mM N-succinimidyl acetate in PBS buffer at room temperature, followed by L-lysine quenching after 5 min, lipid removal, and resuspension in 10 mM phosphate buffer (pH 6.0)] and nonuniformly sampled (NUS) 31 3D HNCO, HNCA, and HN(COCO)NH spectra were recorded at either 700 or 600 MHz using Bruker Avance III spectrometers equipped with z-axis gradient TCI cryogenic probes. For HNCO, NUS with 7.5% sparsity was employed H) for the processed spectrum. Circular Dichroism. All CD measurements (model J-810, JASCO, Tokyo, Japan) were performed at 20°C using a 0.2 mm path length cuvette (20/C-Q-0.2, Starna Cells, Atascadero, CA). The αS protein concentration was kept at 50 μM while the amounts of ESC or PC/PS SUVs in PBS buffer at pH 7.4 were varied.
Mass Spectrometry. Data from liquid chromatography coupled with mass spectrometry (LC−MS) of intact proteins were obtained using a Waters (Waltham, MA) LCT Premiere time-of-flight mass spectrometer coupled to a Waters model 1525 LC unit. The MS instrument was operated in the positive ion electrospray ionization (ESI) mode, and the ESI capillary was operated at 3400 V. The HPLC instrument used a Thermo (Milford, MA) ProSwift RP-4H monolithic column with an inner diameter of 1.0 mm and a length of 250 mm. The flow rate was 100 μL/min. Solvent A was 100% water with 0.2% formic acid and 0.1% trifluoroacetic acid. Solvent B was 80% methanol and 20% acetonitrile with 0.2% formic acid and 0.1% trifluoroacetic acid. Samples were injected onto the LC column using a 10 μL PEEK loop. The LC method started at 100% A and was held for 5 min. The gradient was stepped to a 50:50 A:B ratio and held for an additional 5 min. The gradient was then stepped to 100% B and held for 10 min. The ESI charge distribution envelope was deconvoluted to molecular weight data with the MaxENT I program of the Waters MassLynx 4.1 software package.
DSG Cross-Linking Followed by Sodium Dodecyl Sulfate−Polyacrylamide Gel Electrophoresis (SDS− PAGE) Analysis. N-Terminally acetylated 100 μM solutions of αS were reacted with either 0.2 or 1.0 mM DSG cross-linker for 10 min at room temperature in PBS buffer, followed by SDS−PAGE analysis. The reaction was quenched by adding an equal volume of 50 mM lysine to the reaction mixture. The reaction was also performed in the presence of different concentrations of ESC, PC/PS, and POPS SUVs under otherwise identical conditions.
■ RESULTS AND DISCUSSION
Reactivity of N-Succinimidyl Acetate. Cross-linking agents are generally unstable in aqueous solution, and the same applies to N-succinimidyl acetate. We measured its decay rate in the absence and presence of amine groups, specifically by adding 50 μM αS, effectively comprising 0.75 mM Lys C ε amine groups, or lipid vesicles consisting of either ESC lipids or POPC/POPS (7:3) lipids at a concentration of 10 mM. The vesicles carry amines on the phosphatidylethanolamine and phosphatidylserine headgroups at concentrations that correspond to ∼8 mM (ESC) and 3 mM (POPC/POPS). However, as it is unclear whether N-succinimidyl acetate can fully diffuse to the interior of the SUVs on the time scale on which our measurements were taken, the actual concentration of accessible lipid amine groups could be lower. The decay of N-succinimidyl acetate was monitored by observing the time dependence of its acetate CH 3 NMR signal, as well as by the appearance of new "product", the equivalent methylene NMR signals of free N-hydroxysuccinimide ( Figure 2 ). As one can see, the decay is strongly enhanced by the presence of αS, and to a lesser extent by the lipid vesicles, indicating that the Lys amino groups have higher reactivity toward the cross-linkers than the phospholipid amine groups by ∼1 order of magnitude. For technical reasons (transfer of the sample, temperature equilibration, and shimming of the magnetic field), the first time point of NMR intensities can be collected only ∼5 min after mixing of the reactants. When simply using PBS buffer, the 
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Article buildup of product and decrease of the succinimidyl acetate CH 3 signal follow the expected pattern, extrapolating to zero product and no CH 3 decay at time zero, where the DMSO succinimidyl acetate solution was added to the buffer. However, in the presence of proteins or lipid vesicles, we observe a "burst phase", followed by the regular decay and buildup of product ( Figure 2 ). This burst phase results in the presence of a nonnegligible amount of product when extrapolating to time zero, an amount approximately equivalent to extending the actual reaction time by ∼5 min. The reason for the initial rapid reaction of a small fraction of the reactants is unknown, but the observation itself is highly reproducible and was taken into account during the quantitative analysis. Regardless, the extent of decay of succinimidyl acetate is small, less than ∼15%, within 5 min of the materials being mixed. As discussed below, the reactions between succinimidyl acetate and αS in the absence and presence of SUVs are quenched 5 min after mixing. The rates at which the succinimidyl acetate NMR signals decay (after the burst phase) correspond to the total reaction rate, i.e., the sum of its natural decay rate, its reaction with lipid amine groups, and α-synuclein, and to a good approximation can be derived from fitting the decaying methyl group intensity to an exponential function. The sharp methylene protons of the free N-hydroxysuccinimide serve as a useful complement for measuring the total amount of reacted material at any given time (Figure 2) .
NMR Assignment of Fractionally Acetylated αS. Acetylation of any given Lys side chain by reaction with Nsuccinimidyl acetate causes substantial changes in resonance frequency for the modified Lys residue and its immediate neighbors but also causes very small chemical shift changes in more remote residues. As a result, αS molecules that have been acetylated, for example, at an average level of 33%, contain approximately five acetylated residues at positions that are, to first order, randomly distributed among its 15 Lys. Such a high level of random acetylation results in very extensive heterogeneous line broadening of the NMR spectrum, making its detailed analysis virtually impossible. We therefore resorted to a much lower level (≤∼7%) of acetylation, such that the effect of multiple acetylations in a single protein remains weak and spectral resolution remains high. Clearly, however, the new resonances resulting from the partial acetylation remain >1 order of magnitude weaker than those of residues that are not impacted by acetylation. Their assignment therefore becomes challenging, in particular considering that many of these weak resonances fall very close to the much stronger resonances of the nonacetylated chain (Figure 3) .
A standard triple-resonance assignment strategy was used to assign the weak resonances of acetylated chains, relying primarily on HNCO, HNCA, HNCOCA, and HN(COCO)-NH 32 triple-resonance spectra that had been recorded at very high resolution by using NUS of the time domain data. 31 The analysis was aided by prior complete assignments of the nonacetylated protein 14 and the N-terminally acetylated protein, 23 and using the consideration that resonances of nuclei that are separated by more than one residue from an acetylated residue essentially merge with the much stronger resonances of the nonacetylated protein. Moreover, to first order, the effect of Lys side chain acetylation on the backbone resonances is rather similar among the different acetylated sites. For example, Lys acetylation results in chemical shift changes of its own backbone 1 H N , 15 N, 13 C α , and 13 C′ of approximately −0.07, 0.13, 0.23, and 0.22 ppm, respectively, and smaller chemical shift changes for its neighboring residues (Figure 4 ). In principle, the level of acetylation for each Lys residue can be extracted from the intensity ratio of the minor component in the HNCO spectrum, corresponding to the acetylated side chain, and that of the corresponding main resonance of the nonacetylated residue. However, even at the very high spectral resolution of the NUS-recorded spectra, for a number of residues this ratio could not be determined accurately because of partial resonance overlap. Instead, therefore, we resorted to measurement of the new amide resonances that resulted from acetylation of the Lys side chain.
The acetylated side chains of Lys residues give rise to correlations in the 15 N− 1 H HSQC spectrum, all located in a very small region centered at ∼127.4/8.0 ppm ( Figure 5 ). Even when this spectrum was recorded at the highest attainable resolution with a conventional HSQC experiment, this spectral region could not be fully resolved ( Figure 5A ). In part, this is caused by the two 3 J(H ε2 ,H ζ ) and 3 
J(H ε3
,H ζ ) couplings, which are a necessary consequence of the difficulty of obtaining full N-terminal acetylation for perdeuterated αS, forcing us to work with protonated protein. 23 Second, the effect of relatively short T 1 relaxation times of protons with a long-range coupling to N ζ adversely impacts the attainable 15 
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Article decoupled version of the HSQC experiment 28 and additionally used composite pulse 1 H decoupling in the 15 N dimension rather than the conventional single 1 H 180°pulse. 29 The much higher resolution that can be attained with this BASHdecoupled experiment yielded resolved resonances for all of the 15 side chain amides ( Figure 5B) .
Assignment of the side chain amide resonances was accomplished by linking them to the assigned backbone amide groups of the acetylated Lys residues described above, using a long-mixing-time 3D 15 N-separated 1 H− 1 H TOCSY experiment. Small differences in the side chain 1 H resonance frequencies among the different acetylated Lys residues proved to be crucial for establishing unique linkages between backbone and side chain amides (Figure 3) .
Impact of Lipid Vesicles on αS Acetylation Rates. With the exception of the C-terminal residues, in the presence of lipid vesicles, NMR signals of αS are invisible by solution NMR, 13, 14 making it impossible to directly observe the degree of Lys acetylation in the presence of SUVs from the NMR spectrum. Instead, we therefore removed the lipids after an initial 5 min reaction with 0.25 mM N-succinimidyl acetate, which was quenched by the addition of an equal volume containing 50 mM lysine. In passing, we note that quenching with Tris buffer, often used as the quenching agent of choice in such reactions, caused a brief increase in the actual protein acetylation rate, interfering with quantitative analysis. The protein was separated from the reaction product by methanol precipitation and methanol washing steps, completely dried, and then dissolved to a concentration of 0.2 mM in 10 mM sodium phosphate buffer (pH 6.0), 10 mM NaCl, 95% H 2 O, and 5% D 2 O, with NMR spectra recorded at 10°C.
Intensities of the side chain amide groups were readily measured from such spectra and normalized to the average intensity of resonances not visibly impacted by Lys acetylation, as applies for many of the C-terminal residues. All side chain Lys amide groups are sharp and fairly well resolved, and peak picking confirmed that they had essentially indistinguishable line widths of 4.9 ± 0.3 Hz ( 1 H) and 1.1 ± 0.1 Hz ( 15 N). However, rather than integrating each individual resonance, which adversely impacts the signal-to-noise ratio, we determined relative side chain intensities from peak heights. The total intensity of all side chain amides, however, was obtained by integrating the small spectral region containing these side chain amides and normalizing this integrated intensity to that of the unaffected backbone amide resonances in the same sample. The result shows a strong attenuation of side chain acetylation with increasing vesicle concentration for nearly all Lys residues ( Figure 6 ). The only exception is Lys-102, which previously was identified as being outside the lipidbinding region of the protein. 13, 14, 34, 35 This residue, which shows the weakest acetylation in the absence of lipids ( Figure  6A ), is little protected by lipid binding of the protein and becomes the most acetylated residue in the presence of ESC SUVs ( Figure 6B) .
The lipid dependence of the residue-specific acetylation rate of residue n, K n , in the presence of lipids can be fit to the following empirical equation To obtain a low level (≤∼7%) of side chain acetylation, reactions with 0.25 mM N-succinimidyl acetate were quenched after 5 min by addition of an equal volume of 50 mM L-lysine. Spectra were recorded at 900 MHz and 10°C in 10 mM sodium phosphate buffer and 10 mM NaCl (pH 6.0), with an αS concentration of 0.2 mM. Spectra were acquired using (A) a standard 15 
where C n corresponds to the acetylation rate of residue n extrapolated to a very large excess of lipids, i.e., all αS in the lipid-bound state; L is the lipid:protein ratio; B n is a fitted constant that reflects the degree of protection from acetylation caused by lipid binding; and A n = K n (0) − C n . We also define a reactivity attenuation factor
which corresponds to the fractional acetylation reactivity of residue n in the lipid-saturated state, compared to a lipid-free αS sample. Attenuation factors, α n , are found to be rather homogeneous for the different Lys residues in αS ( Figure 6F ), but as expected, the protection becomes progressively weaker for the C-terminal residues, K96, K97, and K102, the latter one previously identified as being outside of the actual lipid-binding region. Small variations among the other Lys residues presumably reflect the strength of the salt bridge between the positively charged Lys C ε amino group and the negatively charged phospholipid headgroup.
Coefficient B n in eq 2 reflects the degree of protection against acetylation of the Lys-n side chain in the presence of small amounts of lipid vesicles, i.e., the limit at which insufficient SUV surface is available to accommodate all αS molecules. Clearly, B 6 and B 10 of residues K6 and K10 are ∼50% higher than the other B coefficients, consistent with the previously proposed initiation−elongation mode for binding of the Nacetylated protein to SUVs. 23 Remarkably, all 13 remaining Lys residues show rather homogeneous B n values, even though at high lipid:protein ratios the most C-terminal Lys residues are Change of the second-order rate constants with increasing lipid:αS ratio, L, illustrated for K6, K32, and K102. Dashed lines correspond to K n (L) = A n e −B n L + C n , where K n is the second-order rate constant for the reaction of N-succinimidyl acetate with any given Lys in αS, L is the lipid:αS molar ratio, and A n , B n , and C n are the fitted parameters. (C) Designation of different regions in the primary structure of αS. At low lipid:αS ratios, two binding modes are believed to exist, SL1 and SL2, where the first ∼25 and ∼100 N-terminal residues are NMR-invisible, respectively.
14 αS consists of a positively charged N-terminal region, a hydrophobic NAC (non-amyloid-β component, residues 61−95) region, and an acidic C-terminal region. (D) Reaction rate, A n + C n , as a function of residue number in the absence of lipids. (E) B n as a function of residue number, which reflects the sensitivity of the reaction rate constant to lipid concentration, at a low lipid:αS ratio. (F) C n /(A n + C n ) as a function of Lys residue number, n, which is a measure for the attenuation of Lys reactivity in the high lipid/αS limit.
Article less protected from acetylation (high α n values). This result indicates that residues in the region from Lys-15 to Lys-102 share the same dependence on lipid concentration, i.e., that binding modes at which only the ∼25 N-terminal residues are bound to the vesicle (SL1 mode in the nomenclature of Bodner et al. 14 ) are rare. The apparent discrepancy may be resolved if the SL1 mode resonance attenuation is attributed to lipid binding by the dozen N-terminal residues of αS, which through restricted motion of nearby residues in the disordered protein chain also attenuates amide signals up to approximately residue 30.
Reactivity of Lys with DSG and N-Succinimidyl Acetate. Although the chemistry underlying reaction of DSG with the Lys C ε amine group is very similar to the acetylation reaction with N-succinimidyl acetate (Figure 1 ), NMR analysis of the reaction product is much more complex for two reasons. First, after one of the reactive sites of DSG becomes covalently attached to a Lys residue, the effective "local concentration" of its second reactive site for nearby Lys residues will be very high, greatly increasing the chances that this second site will react, too, effectively forming an intramolecular cross-link. A total of 105 different intramolecular links can be generated among the 15 Lys residues of the protein, resulting in considerable heterogeneity and small chemical shift perturbations throughout the protein chain. Second, when the reaction is performed in the presence of SUVs, after one DSG site has reacted with the Lys amine group, the second reactive site can covalently link to a phospholipid amine group, adding a large hydrophobic tag to the protein that will favor clustering of the many hydrophobic αS residues in its vicinity after the protein has been methanol-extracted and dissolved in water, again perturbing backbone chemical shifts. Indeed, a substantial but not dominant fraction of such lipid-linked αS is observed by liquid chromatography coupled with mass spectrometry [LC− MS (Figure 7) ]. Additionally, the LC−MS data provide evidence of the presence of intramolecularly linked Lys residues (+97 Da). Interestingly, no detectable amount of DSG-modified αS is observed where the second DSG site has reacted with the quencher molecule, free lysine (+242 Da) ( Figure 7 ). This result indicates that after a given DSG molecule has reacted with a protein Lys residue, its second reactive site rapidly reacts with a second amine because of the high local concentration of both phospholipid amines and other αS Lys amine groups, keeping the concentration of "halfreacted" and subsequently quenched DSG molecules very low.
Despite the high degree of heterogeneity in the reaction products of αS and DSG, the new amide groups of the derivatized αS Lys side chains all resonate in a narrow spectral region, slightly upfield in the 15 N chemical shift dimension from the acetylated Lys side chain amide groups (Figure 8 ). Although the high complexity of the αS−DSG reaction product is evident from the spectrum, the total number of αS Lys side chains that have undergone a reaction with DSG can readily be quantified by integrating the region where the new peaks resonate.
For lipid-free reactions between αS and DSG, we find that the fraction of reacted Lys residues is ∼60% higher upon comparison of the reactions between 50 μM αS and either 125 μM DSG or 250 μM N-succinimidyl acetate (where the 50% lower concentration of DSG accounts for the fact that it contains a linked pair of N-succinimidyl groups). This result is consistent with the increase in the "effective local concentration" of succinimidyl groups once the first DSG site has become linked to an αS Lys residue mentioned above.
Lipid Dependence of Reactivity Attenuation. The binding of αS for lipid vesicles depends strongly on the 
Article composition of the lipids, as well as on the size of vesicles. Lipids with negatively charged headgroups, such as POPG and POPS, are known to increase the affinity of αS for the bilayer, and strong curvature (i.e., small size of the SUV) also promotes binding. 15−17,36−38 Although a full analysis of the impact of the membrane parameters known to modulate αS binding on protection against reaction with N-succinimidyl acetate goes beyond the scope of this study, we briefly evaluated whether vesicles that show a very similar affinity for αS also show the same degree of protection. For this purpose, we compare the results obtained with ESC SUVs, chosen to approximately mimic the lipid composition of presynaptic vesicles, 14 with those obtained with PC/PS SUVs (7:3 POPC:POPS), used by Burre et al. when studying the effect of αS on SNARE complex formation. 10, 39 Binding of αS as judged by the induced transition from random coil for the lipid-free form to the α-helical CD signature upon lipid binding shows a virtually indistinguishable dependence on lipid concentration ( Figure S1 ). Nevertheless, the degree of protection against acetylation is rather different for the two types of vesicles and shows a systematically lower level of protection for the PC/PS vesicles compared to the ESC vesicles, both at intermediate (200:1) and at near-saturating (500:1) lipid:protein ratios (Figure 9 ). If the difference in protection were caused by a difference in lipid affinity for the protein, a difference in slope between the apparent rate constants would have been expected. Instead, the nearly uniform offset between the rates observed in the presence of the two different types of vesicles points to a different degree of amine group protection in the lipid-bound state. Considering that for both types of vesicles phosphatidylserines are the only negatively charged headgroups expected to make a salt bridge with the Lys amino groups, and that they are present at the same molar fraction for both types of vesicles, this suggests that other factors modulate the strength of such interactions. This latter observation is perhaps not surprising, considering the strong dependence of αS membrane affinity on a wide range of parameters, including fluidity, charge, curvature, packing, and alkyl chain composition. 15, [36] [37] [38] 40, 41 We also point out that at 6.4 M −1 s −1 , the bimolecular reaction rate between Nsuccinimidyl acetate and αS (summed over all 15 Lys residues) is far higher than for PS (0.080 M −1 s ) (assuming the PS reactivity is the same in ESC and PC/PS SUVs). These reaction rates are more than 8 orders of magnitude below the diffusioncontrolled reaction rate limit, and therefore, no significant spatial gradient in N-succinimidyl acetate concentration in the vicinity of the vesicles occurs. This means that the difference in reactivity of synuclein's Lys residues when bound to ESC SUVs or PC/PS SUVs indeed must be attributed to differences in Lys amine group protection and cannot result from the higher total reactivity of the ESC lipids.
■ CONCLUDING REMARKS
Protection of Lys amino groups against acetylation by Nsuccinimidyl acetate provides a convenient quantitative probe for detecting intermolecular interactions. The side chain amide groups of acetylated Lys groups can readily be detected by NMR spectroscopy, yielding a straightforward method for quantitative analysis. However, even though the protection against acetylation will be controlled by the accessibility of the amino group to the reactant, it may also be impacted even by a small shift in its pK a value when a protein is engaged in an intermolecular interaction. The different degrees of protection when αS interacts with ESC or PC/PS vesicles (Figure 9 ), for which it has comparable affinity, highlight these factors.
The degree of reactivity attenuation upon lipid binding is also an important consideration when interpreting conventional protein cross-linking experiments. For example, glutaraldehyde cross-linking experiments conducted on membrane-bound αS provided evidence of mostly even-numbered oligomers on the surface of PC/PS vesicles. 42 However, in the presence of ESC vesicles, intermolecular cross-linking by DSG is actually reduced, despite the increase in local concentration on the surface of the SUV. In particular, for a 500:1 lipid:αS ratio, less smearing of the monomer band is observed, an indication that less intramolecular cross-linking is observed than for the free protein, or at lower 50:1 lipid:αS ratios (Figure 10 ). The level of protection of the Lys amine groups is lower when the protein is bound to PC/PS vesicles (Figure 9 ), and weak oligomeric bands are observed at the 500:1 lipid:αS ratio (Figure 10 ), indicating that the increased local concentration more than compensates for the decreased reactivity of the side chains. When using SUVs that solely contain POPS, an actual increase in the level of cross-linking, including trimers, tetramers, and even higher-order oligomers, is observed, indicating that the reactivity of αS Lys residues is less attenuated when they are bound to these vesicles and no longer fully compensates for the high local concentration of the protein on the SUV surface. quantities of different SUVs. Shown are the apparent second-order rate constants in the presence of ESC SUVs (5:3:2 DOPE:DOPS:DOPC) and PC/PS SUVs (7:3 POPC:POPS). Note that the acetylation rate of K102 is minimally impacted by the amount or type of lipids, whereas for all other residues, the ESC SUVs are more protective than PC/PS SUVs.
Biochemistry
Article Chemical cross-linking experiments are a widely used and very powerful tool for probing both weak and strong protein− protein interactions, even in a cellular environment. However, results are strongly modulated by the reactivity of the reactive groups on the protein surface. As we have shown here for the most widely used cross-linking measurements, involving Lys C ε amino groups, this reactivity can readily and quantitatively be probed by NMR spectroscopy, providing a possible avenue to a more quantitative analysis of cross-linking data observed by mass spectrometry.
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Supplemental figure, showing CD spectra, and two supplemental tables containing chemical shift perturbations and residue-specific second-order rate constants (PDF) ■ ABBREVIATIONS 2D, two-dimensional; 3D, three-dimensional; αS, α-synuclein; CD, circular dichroism; DSG, disuccinimidyl glutarate; EPR, electron paramagnetic resonance; ESC, 5:3:2 molar mixture of DOPE (dioleoylphosphatidylethanolamine), DOPS (1,2-dioleoyl-sn-glycero-3-phospho-L-serine), and DOPC (1,2-dioleoylsn-glycero-3-phosphocholine); HSQC, heteronuclear singlequantum coherence; PBS, phosphate-buffered saline; NMR, nuclear magnetic resonance; NUS, nonuniformly sampled; PC, porcine brain L-α-phosphatidylcholine; PS, porcine brain L-α-phosphatidylserine; SUV, small unilamellar vesicle; TOCSY, total correlation spectroscopy.
